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Metal chlorides catalysisAbstract Synthesis of 5-hydroxymethylfurfural (HMF) from glucose was done in H2O, dimethyl-
sulfoxide (DMSO) and 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) catalyzed by metal (III)
chloride (FeCl36H2O, CrCl36H2O and AlCl3). The effects of solvent/catalyst system and temper-
ature/time on the performance of the reaction are studied. HMF yield in the different solvents fol-
lows a decreasing order as DMSO> [Bmim]Cl > H2O. The highest HMF yield is achieved by
CrCl36H2O, followed by AlCl3 and then FeCl36H2O. An optimal temperature/time is found at
393 K or 403 K and a time between 30 min and 480 min. Under the optimal reaction conditions,
HMF yields of 54.43% and 52.86% are obtained in DMSO with CrCl36H2O at 403 K and
480 min and AlCl3 at 393 K and 240 min, respectively. The mechanism of the halide chlorides cat-
alyzed glucose conversion reaction is proposed. The kinetic model is established to describe the
HMF formation and the experimental data conform to the model.
 2016 Egyptian Petroleum Research Institute Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the fossil fuel reserves are threatened to be depleted and
with the increase in the global climate change, there is anurgent demand for alternative energy sources such as biomass
feedstock. The conversion of biomass to useful chemicals and
fuels represents, in general, a major challenge. This turns out
to be particularly ambitious if the process should be made inax: +86
d mech-
Nomenclature
b0 and b1 mathematical constants
[Bmim]Cl 1-butyl-3-methylimidazolium chloride
CHMF concentration of 5-hydroxymethylfurfural
Cnmim 1-n-butyl-3-methylimidazolium
DMSO dimethylsulfoxide
HMF 5-hydroxymethylfurfural
H2O water
K kelvin
k1 reaction rate constant of glucose conversion into
HMF
k2 reaction rate constant of glucose decomposition
into humins
k3 reaction rate constant of HMF decomposition
into levulinic acid and formic acid
k4 reaction rate constant of HMF decomposition
into humins
ln natural logarithm
mAU milli absorbance unit
MCl4 tetrahedral species of metal (III) chlorides
mglucose initial mass of glucose
mHMF mass of HMF calculated from the HPLC
MHMF mole mass of HMF
Mglucose mole mass of glucose
min minute
n reaction order
N statistical population size
nglucose moles of initial glucose
nHMF moles of converted HMF
R2 linear regression correlation coefficient square
SD standard deviation
t time
YHMF yield of HMF
Greek letters
d (ppm) chemical shiftP
sum of
2 C. Zhou et al.a sustainable and economical way, in order to replace the use
of fossil fuels [1–3]. 5-Hydroxymethylfurfural (HMF), an
important biomass-derived platform chemical, has received
increasing attention as a key bio-refining building block.
HMF can be obtained from biomass by dissolution, hydrolysis
or isomerization and conversion of mono-, di- and polysaccha-
rides, using acid catalysts or base catalysts in mild conditions.
HMF can be converted to a promising biofuel (2,5-
dimethylfuran) and a broad range of useful derivatives, which
are currently produced from petroleum [4–11].
However, a simple and reliable way of acquiring HMF
remains as a bottleneck for extending biomass chains. HMF
could be formed through conversion of fructose, which is an
easy and efficient process, typically in high selectivity and yield
[12–14]. Nevertheless, one of the key problems for the use of
fructose is its high cost and lower availability compared to glu-
cose, which limits the large-scale and sustainable production of
HMF. In contrast, glucose, obtained from starch and cellulose,
is a better feedstock for HMF production because it is cheaper
and the most abundant monosaccharide in nature. However,
in comparison with fructose, it is more difficult to convert glu-
cose to HMF. Now, the most attractive and promising
approach is to convert biomass derived carbohydrates to fura-
nic aldehydes such as HMF. Nevertheless, conversion of bio-
mass is difficult with a large number of product impurities
and therefore the yield of HMF is lower [15–19].
Ionic liquids (ILs) have been widely recognized as green
reaction media due to their negligible volatility and excellent
thermal stability. The use of ILs is advantageous because of
their low flammability and possible reuse of the reaction
media. Several kinds of ionic liquids in combination with metal
salts and other homogeneous and heterogeneous catalysts have
been demonstrated to be effective for the conversion of sugars
to HMF [19–21]. The conversion of fructose can be well cat-
alyzed by strong mineral acids and organic acids, salts, acidic
ionic liquid, strong acid cation exchange resins, zeolites and
supported heteropolyacids. However, those acid catalysts have
low activity in glucose conversion to HMF because they arePlease cite this article in press as: C. Zhou et al., Conversion of glucose into 5-hydrox
anism, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.07.005unfavorable of glucose isomerization into fructose. The cata-
lysts of Bronsted bases or Lewis acids are commonly used
for glucose isomerization to fructose [22].
Zhao et al. [22] first developed a CrCl2/ionic liquid system
that converted glucose with a good HMF yield. Since then,
numerous metal catalysts have been employed for the synthe-
sis of HMF from the biomaterial-based resources [23,24]. It
has been evidenced that the metal chlorides function as an
effective Lewis acid catalyst for the synthesis of HMF from
some sugars such as fructose and glucose. However, the cat-
alytic ability of the catalysts varies by the type of chlorinated
metals [22]. Since the Lewis acidity of metal halide catalysts
and their coordination ability with the ligands play a critical
role in their catalytic action [24–26], the choice of the catalysts
and the solvents is a matter of primary importance in the syn-
thetic process of HMF. Moreover, conversion of glucose into
HMF in solvents, such as water and organic liquids, is also
investigated [12,27].
So far, catalysts efficient for production of HMF from fruc-
tose are rarely active for glucose [28] and therefore low HMF is
expected. In view of this, the development of environmentally
benign solvent/catalyst system with high activity for the con-
version of glucose into HMF may be the first step to develop-
ing a system to generate HMF from complex biomass such as
cellulose. The present paper describes the transformation of
glucose into HMF in H2O, dimethylsulfoxide (DMSO) and
1-butyl-3-methylimidazolium chloride ([Bmim]Cl) with FeCl3
6H2O, CrCl36H2O and anhydrous AlCl3 as Lewis acid cata-
lysts. A kinetic model is developed to study the behavior of
HMF formation.2. Materials and methods
2.1. Materials and instruments
D-Glucose (AR), FeCl36H2O (AR), CrCl36H2O (AR), AlCl3
(AR) DMSO (AR), and 1-butyl-3-methylimidazolium chlorideymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
Synthesis of 5-hydroxymethylfurfural from glucose in different solvents and catalyst 3([Bmim]Cl, 99%) were purchased from linzhou Keneng Mate-
rials Technology Co., Ltd (Henan, China). Methyl Alcohol
(HPLC grade) was purchased from Tedia Co. (USA) and 5-
hydroxymethylfurfural (HMF, Keddia Reagent, 98%) from
Chengdu Best Reagent Co., Ltd. (China). All other chemicals
were supplied by local suppliers and used without further
purification.
HH-S digital display thermostatic oil bath was purchased
from Jiangsu Jintan Eltong Electronic Co. Ltd. (Jiangsu,
China). HPLC (1260 infinity series, Agilent, USA) equipped
with a G1314B UV multi wavelength detector, G1322A degas-
ser, G1312C binary pump, G1329A automatic liquid sampler,
and C18 column (3.5 lm, 4.6 mm  100 mm) was purchased
from Agilent Tech. Co., Ltd. (shanghai, China).Figure 1 Equilibrium and transition structure geometries (a) and IR
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Scheme 1 Conversion of glucose to 5-hydroxymethylfurfural (
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An amount of 10% glucose and 1% catalyst (FeCl36H2O or
CrCl36H2O or AlCl3) was subsequently dissolved in a reaction
solvent (H2O, DMSO, or [Bmim]Cl) in a glass ampoule. After
sealing, the ampoule was immersed into a preheated oil bath
(333 K). Then the conversion reaction was done at different
temperatures ranged between 373 and 403 K and at different
times ranged between zero and 480 min (Scheme 1). Experi-
ments were performed three times. Dehydrated glucose sam-
ples were kept for further analysis.
2.1.2. Computational details
Density functional theory (DFT) calculations were performed
using DFT-B3LYP method combined with the 6-311++g (d, p)(b) of [Bmim]Cl obtained from molecular simulation calculation.
O
OHO
5-Hydroxymethylfurfural
im]Cl
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h N2 and sealed 
HMF) in H2O, DMSO and ([Bmim]Cl with metal chloride.
ymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
0 5000 10000 15000 20000 25000 30000
0
50
100
150
200
R2=0.9999
y =0.0073x-0.1800
H
M
F 
co
nc
en
tra
tio
n 
(μ
g/
m
L)
Peak area (mAU*s)
(a)
0 1 2 3 4 5 6 7 8
0
200
400
600
800
1000
1200
1400
1600
1800
2000
m
A
U
Retention time (min)
HMF
(b)
Figure 2 Standard curve (a) and HPLC chromatogram (b) of
HMF. HPLC analysis conditions: serial dilutions (concentrations
between 0 lg/mL and 201.0 lg/mL); solvent gradient of methanol:
water (5:95, v/v); flow rate: 1 mL/min; column temperature:
303 K; injection volume: 20 lL; retention time: 15 min; absor-
bance wavelength: 284 nm.
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Scheme 2 Simple kinetic model for metal chloride catalyzed
glucose conversion.
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Figure 3 Yield of HMF in DMSO as affected by concentrations
of glucose (a) and CrCl36H2O catalyst (b). Reaction conditions
were 10% glucose, 0.5 to 4% CrCl36H2O, temperature of 393 K
and time of 360 min.
4 C. Zhou et al.basis set as implemented in Gaussian 09 computational chem-
istry software packages. The polarizable continuum implicit
solvent model of [Bmim]Cl with the solvent of dimethylsulfox-
ide (DMSO) was used. IR and NMR of [Bmim]Cl (Fig. 1) were
obtained from molecular simulation calculation. Chemical
shift (ppm) d: 1 N, 2 C: 150.83, 3 N, 4 C: 139.93, 5 C: 138.2,
6 C: 46.9389, 7 C: 64.8305, 8 C: 45.1688, 9 C: 32.83339, 10
C: 23.7262, 11 H, 7.5012, 12 H: 7.0037, 13 H: 7.0042, 14
H: 3.4574, 15 H: 3.4398, 16 H: 3.4144, 17 H: 3.5598, 18 H:
3.9283, 19 H: 1.2963, 20 H: 1.4469, 21 H: 0.8419, 22 H:
0.5566, 23 H: 0.7349, 24 H: 0.499, 25 H: 0.3411.Please cite this article in press as: C. Zhou et al., Conversion of glucose into 5-hydrox
anism, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.07.0052.2. Yield of HMF
The yield of HMF from conversion of glucose was determined
by HPLC (equipped with C18 column 3.5 lm, 4.6  100 mm
and UV detector). Analysis was done in a mixture of methanol
in water (5:95, v/v) as a solvent gradient and at elution flow rate
of 1 mL/min. The column temperature was 303 K and the injec-
tion volume of the sample (filtered through 0.22 lmmembrane)
was 20 lL. Analysis was repeated three times. The HMF was
measured at wavelength of 284 nm and quantified against a cal-
ibration curve of external standard. A stock standard solution
of HMF at a concentration of 2.01 mg/mL was prepared. Serial
dilutions of concentrations that ranged between 0 lg/mL and
201.0 lg/mL were prepared, filtered to pass 0.22 lm
membrane, and then analyzed by HPLC. The standard curve
(R2 = 0.9999) and the HPLC chromatogram of HMF are
shown in Fig. 2. The yield of HMF was calculated as follows:ymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
Synthesis of 5-hydroxymethylfurfural from glucose in different solvents and catalyst 5YHMF ¼ nHMF
nglucose
¼ mHMF Mglucose
MHMF mglucose  100% ð1Þ
where YHMF is the yield of HMF, nHMF (mol) is the moles of
converted HMF, nglucose (mol) is the moles of initial glucose,
and MHMF and Mglucose are the mole mass of HMF and glu-
cose, respectively. mHMF is the mass of HMF calculated from
the HPLC and mglucose is the initial mass of glucose.
2.3. Kinetic model for HMF formation
Glucose conversion with metal halide catalyst can be simplified
into the reaction network as shown in Scheme 2 [29]. Suppose
HMF as a starting material, decomposition reaction of HMF
catalyzed by metal chloride is an n-stage reaction. Therefore,
HMF decomposition rate can be derived based on the simpli-
fied pathway shown in Scheme 2 and can be expressed as:
dCHMF
dt
¼ ðk3 þ k4ÞCnHMF ð2Þ
where CHMF is the concentration of HMF, k3 is the reaction
rate constant of HMF decomposition into Levulinic acid and
formic acid, k4 is the reaction rate constant of HMF decompo-
sition into humins and n is the reaction order.
Thus, when n= 1, Eq. (2) can be simplified into Eq. (3):
lnCHMF ¼ ðk3 þ k4Þtþ b0 ð3Þ
When n– 1, Eq. (2) can be turned into Eq. (4)
C1nHMF
1 n ¼ ðk3 þ k4Þtþ b1 ð4Þ
where b0 and b1 are the mathematical constants and k= 
(k3 + k4).
The correlation coefficient comparison method is used to
solve the reaction order (n). When n equals 1, lnC  t is the
linear relation. However, when n is not equal to 1, C1n  t
is the linear relation. The reaction order (n) is calculated at
different temperatures. When the sum value of linear0 100 200 300 400 500
-3
0
3
6
9
12
15
18
21
24
27
30
33
36
FeCl3⋅6H2O
CrCl3⋅6H2O
AlCl3
Y
ie
ld
 o
f H
M
F 
(%
)
Time (min)
Figure 4 Effect of reaction time and type of catalyst (FeCl3-
6H2O, AlCl3 and CrCl36H2O) on the yield of HMF from
conversion of glucose in [Bmim]Cl. Reaction conditions were 10%
glucose, 1% catalyst and temperature of 383 K.
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P
R2) is the max-
imum; n is the appropriate reaction order. The experimental
data are processed to calculate the correlation coefficient
square R2.
3. Results and discussion
3.1. Effect of glucose concentration and catalyst loading on
synthesis of HMF
In order to investigate the effect of glucose concentration and
catalyst loading on the yield of HMF, conversion reaction was
conducted out at different initial glucose concentrations (5–
20%) and at different CrCl36H2O concentrations (0.5–4%)
in DMSO. The reaction mixture was heated in an oil bath
for 360 min at 393 K. when the initial glucose concentration
increased from 5% to 10%, the HMF yield increased from
43.9% to 48.29% (Fig. 3(a)). Thereafter, as the glucose con-
centration increased the HMF yield decreased gradually. A
similar effect is reported in the literature [30]. It is noticeable
that a high glucose concentration resulted in a low yield of
HMF. This is possibly attributed to the fact that at high glu-
cose concentration the rate of conversion of HMF into humins
is higher than the conversion reaction itself [31].
Fig. 3(b) shows that the HMF formation is influenced by
the CrCl36H2O loading. The HMF yield increased from
29.3% to 50.7% as the loading of CrCl36H2O raised from
0.5% to 2%. The increase in HMF yield derives from the
reduction of humins, indicating that the reaction order for
chromium in HMF formation is higher than that in the con-
densation reaction [32]. The HMF yield obviously decreased
at CrCl36H2O concentration higher than 4%. The decline
trend in glucose conversion to HMF is attributed to the
decrease in free chloride concentration with increasing initial
glucose concentration; resulting from development of hydro-
gen bonds between chloride anions and hydroxyl groups [32].
Results indicate that the catalyst loadings of 2 and 1% are sta-
tistically not different. Therefore CrCl36H2O loading of 1% is
chosen as the optimum concentration and used for further
study. However, at this concentration strong chemical bonds
between water molecules and CrCl3 hydrate are found, so that
Cr3+ and Cl1 are not conducive to extract from DMSO.
3.2. Effects of metal chloride catalysts on conversion of glucose
into HMF in [Bmim]Cl
A variety of Lewis acid metal catalysts are introduced for the
synthesis of HMF from plant biomass. Of these metal cata-
lysts, some metal chlorides, such as chlorinated metals, are
very effective for synthesis of HMF [33]. The catalyst selectiv-
ity is a function of the Brønsted to Lewis acid site ratio using
either heterogeneous or homogeneous catalysts. Catalytic
activity increases with increasing Lewis acid sites [34].
The yields of HMF from glucose conversion in [Bmim]Cl
catalyzed by FeCl36H2O, AlCl3 and CrCl36H2O are illus-
trated in Fig. 4. It can be seen that CrCl36H2O results in a
relatively higher production of HMF compared to the other
two metal chlorides. On the other hand, the lowest yield of
HMF is found with FeCl36H2O. Irrespective to the type of
catalyst, [Bmim]Cl results in high HMF yield compared with
H2O (Table 1).ymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
6 C. Zhou et al.The good catalytic performance of CrCl36H2O for conver-
sion of glucose into HMF probably results from the more
stable formation of metal chloride–glucose complex. Which
is ascribed to its relatively higher Lewis acidity derives from
the stronger coordination ability of Cl with chromium center.
This coordination ability facilitates isomerization of glucose to
fructose; the most important step in conversion of glucose to
HMF [17]. It has been reported that the different effects of
halide ligands on HMF yield are attributed to the differences
in the degree of Lewis acidity between metal chlorides, which
is affected by steric properties (surface area, pore size, and
porosity), electronic properties (electronegativity and bonding
character), polarizability, and nucleophilicity of halide ligands
[33,35,36]. The low catalytic activity of FeCl36H2O for glucose
conversion to HMF is illustrated in the literature [37].
However, the mechanism for glucose conversion to HMF
catalyzed by Cnmim/MCl4 (n= 4, 1-n-butyl-3-methylimid-
azolium, [Bmim]Cl; M= Cr, Al and Fe) is predicted using
the DFT calculations (Scheme 3) [22]. As seen in Scheme 3,
that sugar–metal coordination is responsible for the catalysis.
In the initial and preliminary geometry, the deprotonated
[Bmim] ligand is bound to MCl3 through the lone pair of elec-
trons of the carbon atom which is located between two highlyO
HO
OH OH
OH
HO
O
HO
OH OH
OH
HO
+Cnmim+/MCl4-
Cnmim+/MCl3-
Cl
H
HO
OHH
OH H
H HO
O
OHHO
O
OHO
HMF
-3
H
2O
-3H2
O
-C n
mim
+ /MC
-Cnmim+/MCl
Scheme 3 Proposed metal chlorides interaction with glucose to produ
[Bmim]Cl; M= Cr, Al and Fe).
Table 1 Optimal reaction conditions for conversion of glucose into
Catalyst Solvent Time (min)
FeCl36H2O H2O 360
DMSO 420
[Bmim]Cl 30
AlCl3 H2O 300
DMSO 240
[Bmim]Cl 30
CrCl36H2O H2O 120
DMSO 480
[Bmim]Cl 60
* Mean ± SD, (N= 3). Reaction conditions: 10% glucose and 1% m
solvents.
Please cite this article in press as: C. Zhou et al., Conversion of glucose into 5-hydrox
anism, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.07.005electronegative nitrogen atoms, resulting in the construction of
a direct MAC bond and a tetrahedral MACl species. The
structure of deprotonated [Bmim+] ligand bears similarity
with the well-outlined N-heterocyclic carbenes that have been
engaged to stabilize and maintain catalysts based on Cr and
other elements of transition metals [37]. Furthermore, the
addition of glucose to the [Bmim]/MCl3 site comes into being
six-coordinated. Accordingly, metal chlorides coordinate with
the glucose molecule, and a-glucose is isomerized to b-glucose
which is more easily dehydrated. Many workers proved that
glucose isomerization to fructose in different solvent/catalyst
complexes occur before its conversion into HMF [17,22,27].
The trivalent ion (M3+) interacts with the hemiacetal portion
of a-glucopyranose and simultaneously [Bmim]Cl acts as a
proton donor (C2AH) and simultaneously as a proton accep-
tor (Cl) during H-bonding interactions. As a result the alde-
hyde group in a-glucopyranose becomes enol. [17], which later
transforms into b-glucopyranose and subsequently into open
chain conformation. Then aldehyde group in the open confor-
mation is converted to a ketone group and glucose is isomer-
ized to fructose (Scheme 3). Finally, three molecules of water
are removed from fructose to form HMF. Based on the
DFT-B3LYP, the release of the first water molecule at theO
O
OH O
OH
HO
Cnmim+/MCl3-
ClH
H
O
HO
OH
OH
OH
HO
O
HO
OH OH
OHOH
OH
OH OH
OHOH
Cnmim+/MCl4-
H
+Cnmim+/MCl4-
l 4
-
-Cnmim+/MCl4-
4
-
ce HMF in Cnmim/MCl4
 (n= 4, 1-n-butyl-3-methylimidazolium,
HMF over various metal (III) chloride catalysts and solvents.
Temperature (K) Maximum yield of HMF (%)*
403 01.718 ± 0.084
403 12.538 ± 0.266
393 11.149 ± 0.244
403 11.152 ± 0.029
393 52.864 ± 1.104
393 27.675 ± 1.260
403 13.040 ± 0.326
403 54.434 ± 1.133
393 31.658 ± 2.089
etal (III) halide catalyst (FeCl36H2O, AlCl3 and CrCl36H2O) in
ymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
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Figure 5 Effects of metal chloride catalyst (A: FeCl36H2O, B: AlCl3, C: CrCl36H2O) and solvent (1: H2O, 2: DMSO, 3: [Bmim]Cl) on
conversion of glucose into HMF. The concentrations of glucose and catalyst were 10% and 1%, respectively. (A1): FeCl36H2O/H2O,
(A2): FeCl36H2O/DMSO, (A3): FeCl36H2O/[Bmim]Cl. (B1): AlCl3/H2O, (B2): AlCl3/DMSO, (B3): AlCl3/[Bmim]Cl. (C1): CrCl36H2O)/
H2O, (C2): CrCl36H2O)/DMSO, (C3): CrCl36H2O)/[Bmim]Cl.
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Fig. 5 (continued)
8 C. Zhou et al.conversion step is most different than the subsequent release of
the other two water molecules. However, the loss of the third
water molecule is seemed to be the easiest conversion step. It
has been reported that the removal of the first water is the
rate control step in the glucose dehydration reaction.[37] The
Cr3+-complex is found in line with a high spin-state whilePlease cite this article in press as: C. Zhou et al., Conversion of glucose into 5-hydrox
anism, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.07.005the Fe3+-containing complex is in low spin-state [37,38]. So
far, the high spin-state in Cr3+-complex is possibly responsible
for its good catalytic performance for dehydration of glucose
into HMF and hence conversion efficiency of glucose is
improved [38]. Furthermore, HMF is reported to be stable in
[BMIM]Cl with CrCl3, arising from the ability of CrCl3 to
recover HMF [22].
3.3. Effect of solvent/catalyst system on conversion of glucose
into HMF
The effect of solvent/catalyst system on the HMF yield from
dehydration of glucose is investigated. Optimal reaction condi-
tions and maximum yields of HMF in H2O, [Bmim]Cl and
DMSO are shown in Table 1. Irrespective to the type of cata-
lyst, the yield maxima of HMF in different solvents follows an
increasing order from H2O to [Bmim]Cl to DMSO. The high-
est HMF yield is obtained in solvent/catalyst system when
CrCl36H2O is used as the catalyst, followed by AlCl3 and then
FeCl36H2O.
The highest yield of HMF in DMSO solvent compared to
the aqueous medium and the ionic liquid can be attributed
to the avoidance of the side reactions in DMSO that occurs
in the other two solvents and also to catalytic ability of DMSO
in converting fructose, derived from glucose, into HMF via a
5-membered cyclic mechanism [27].
The lowest yield of HMF in H2O is probably due to tight
connection of H2O to the hydrogen bonds of glucose, thus
reducing their tendency to interact with glucose [39]. Alterna-
tively, H2O may result in the rehydration of HMF, leading to
formation of levulinic acid and formic acid as side-products
[27]. On the other hand, low yield detected in [Bmim]Cl com-
pared to DMSO, is possibly due to the large viscosity of the
[Bmim]Cl media, which probably hampers the approach
between the reagents [20].
3.4. Effects of metal chloride catalyst and solvent on conversion
of glucose into HMF at different times and temperatures
Fig. 5 shows the effect of time/temperature on the yield of
HMF from conversion of glucose in various solvent/catalyst
systems. It can be seen that the reaction temperature has a
significant effect on the HMF yield. Irrespective to the
solvent/catalyst system, when the temperature is raised from
373 to 403 K a gradual increase in the yield of HMF is found.
However, the temperatures of 393 K and 403 K result in high
HMF yield compared to lower temperatures, suggesting that
conversion of glucose to HMF needs a relatively high
temperature. It has been reported that production of furan
compounds occurs at a high temperature because of the
endothermic nature of the conversion of fructose [40].
In the all solvent/catalyst systems, the yield of HMF
firstly increases and then decreases, with different magni-
tudes, as the reaction time prolongs from zero to 480 min.
However, a longer reaction time can favor secondary reac-
tions, leading to a decrease in the HMF yield [32]. Except
for the [Bmim]Cl, at reaction temperatures of 373 and
383 K the yields of HMF in the all solvent/FeCl36H2O sys-
tems increase slightly with increasing time from zero to
480 min (Fig. 5). It is worth noting that [Bmim]Cl and
DMSO with FeCl36H2O result in maximum yields ofymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
Table 2 Summary of kinetic analysis of 5-hydroxymethylfurfural synthesis catalyzed by FeCl36H2O, AlCl3 and CrCl36H2O in H2O,
DMSO and [Bmim]Cl.
Catalyst Solvent Temperature (K) The fitting formula* k= (k3 + k4) b1 R2
FeCl36H2O H2O 373 C1 = 0.028 1 t  0.568 8 0.028 1 0.568 8 0.922 4
383 C2 = 0.130 3 t  1.716 7 0.130 3 1.716 7 0.999 2
393 C3 = 0.7387 t  25.315 5 0.738 7 25.315 5 0.964 2
403 C4 = 2.715 1 t+ 215.489 0 2.715 1 215.489 0 0.995 7
DMSO 373 C1
0.5/0.5 = 0.033 6 t+ 5.923 6 0.033 6 5.923 6 0.990 8
383 C2
0.5/0.5 = 0.125 8 t+ 19.622 6 0.125 8 19.622 6 0.988 5
393 C3
0.5/0.5 = 0.257 6 t+ 49.778 8 0.257 6 49.778 8 0.980 1
403 C4
0.5/0.5 = 0.3040 t+ 67.257 4 0.304 0 67.257 4 0.960 9
[Bmim]Cl 373 C1 = 13.523 1 t+ 2 113.846 7 13.523 1 2 113.846 7 #
383 C2 = 5.940 9 t+ 6 869.054 6 5.940 9 6 869.054 6 0.811 6
393 C3 = 10.618 3 t+ 7 218.749 9 10.618 3 7 218.749 9 0.944 4
403 C4 = 7.728 4 t+ 5 053.470 2 7.728 4 5 053.470 2 0.853 0
AlCl3 H2O 373 C1 = 0.802 8 t  24.830 4 0.802 8 24.830 4 0.899 9
383 C2 = 4.190 7 t  80.257 6 4.190 7 80.257 6 0.995 1
393 C3 = 14.008 3 t  425.115 0 14.008 3 425.115 0 0.992 2
403 C4 = 21.949 9 t+ 1 242.047 9 21.949 9 1 242.047 9 0.932 1
DMSO 373 C1 = 48.867 3 t+ 12 069.970 4 48.867 3 12 069.970 4 0.769 6
383 C2 = 15.017 7 t+ 24 661.708 8 15.017 7 24 661.708 8 0.973 7
393 C3 = 6.359 5 t+ 36 457.074 0 6.359 5 36 457.074 0 #
403 C4 = 8.407 1 t+ 34 568.206 3 8.407 1 34 568.206 3 #
[Bmim]Cl 373 C1 = 2.875 4 t+ 11 934.361 0 2.875 4 11 934.361 0 #
383 C2 = 12.049 5 t+ 15 762.759 2 12.049 5 15 762.759 2 0.896 8
393 C3 = 12.606 7 t+ 12 087.610 7 12.606 7 12 087.610 7 0.814 7
403 C4 = 13.434 9 t+ 10 749.162 9 13.434 9 10 749.162 9 0.935 1
CrCl36H2O H2O 373 C1 = 4.459 8 t+ 280.643 6 4.459 8 280.643 6 0.973 4
383 C2 = 10.654 0 t+ 254.179 2 10.654 0 254.179 2 0.977 4
393 C3 = 13.442 6 t+ 2 014.764 3 13.442 6 2 014.764 3 0.859 4
403 C4 = 8.030 8 t+ 8 802.923 2 8.030 8 08 802.923 2 #
DMSO 373 C1 = 13.304 5 t+ 4 800.495 5 13.304 5 04 800.495 5 0.729 8
383 C2 = 33.947 7 t+ 7 436.993 0 33.947 7 07 436.993 0 0.958 9
393 C3 = 30.596 2 t+ 14 419.791 8 30.596 2 14 419.791 8 0.913 2
403 C4 = 30.866 4 t+ 24 731.902 5 30.866 4 24 731.902 5 0.890 1
[Bmim]Cl 373 C1 = 4.145 0 t+ 16 458.541 7 4.145 0 16 458.541 7 #
383 C2 = 8.126 1 t+ 21 937.126 1 8.126 1 21 937.126 1 #
393 C3 = 15.815 5 t+ 2 0394.869 8 15.815 5 20 394.869 8 0.791 8
403 C4 = 19.230 4 t+ 17 722.449 5 19.230 4 17 722.449 5 0.941 2
* C, concentration of HMF. # R2 < 0.7. t, time (min).
Synthesis of 5-hydroxymethylfurfural from glucose in different solvents and catalyst 9HMF (11.149% and 12.539%, respectively) at 403 K. With
respect to the changes in HMF yield at various reaction
time/temperature regimes, AlCl3 and CrCl36H2O in the var-
ious solvent complexes follow similar trends as FeCl36H2O.
Except for [Bmim]Cl/catalyst, 403 K is the optimal tempera-
ture for the maximum yield of HMF in the all solvent/cata-
lyst systems (Table 1). On the other hand, the optimal
reaction time for maximum HMF yield varies according to
the nature of solvent/catalyst system (Table 1). In most of
the solvent/catalyst complexes studied, the HMF yield max-
ima occurs at a certain time after which the yield declines
with progress of the reaction time. Previous works ascribe
the decrease in concentration of HMF with time to its con-
version into levulinic acid and humins [28,41,42].3.5. Kinetics for decomposition of HMF
The reaction kinetics for HMF decomposition is fitted with the
zero and zero point five reaction order. The results are listed in
Table 2. Decomposition of HMF catalyzed by FeCl36H2O,Please cite this article in press as: C. Zhou et al., Conversion of glucose into 5-hydrox
anism, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.07.005AlCl3 and CrCl36H2O in H2O is all fitted with zero reaction
order. The HMF decomposition catalyzed by FeCl36H2O in
DMSO is in line with zero point five reaction order. But the
HMF concentration catalyzed by AlCl3 and CrCl36H2O in
DMSO changes with time to zero order reaction at different
temperatures. HMF decomposition in [Bmim]Cl is accompa-
nied by a series of side reactions that strongly influence the effi-
ciency of the entire process. The above findings conform to Eq.
(4). As demonstrated in Table 3, the correlation coefficient
squares perfectly correspond to the kinetics model for HMF
formation. The estimates of the rate constants are settled with
the largest square method and the results are listed in Table 2.
Comparison of the experimental data and the kinetic model
for HMF formation show that the estimated model mainly
fit the experimental data. However, the experimental data for
HMF formation in [Bmim]Cl are a bit fitted for the kinetic
model at 373 K or 383 K, because the viscosity of the ionic liq-
uid is too high for conversion of glucose into HMF completely.
The modeled HMF concentration values; obtained in DMSO/
AlCl3 system and at 393 K and 403 K; are less than the exper-
imental data. This could be attributed to the formation ofymethylfurfural in diﬀerent solvents and catalysts: Reaction kinetics and mech-
Table 3 Evaluated correlation coefficient at different reaction orders (n) of glucose conversion to HMF catalyzed by metal (III) chloride catalysts (FeCl36H2O, AlCl3 and CrCl36H2O)
in H2O, DMSO, and [Bmim]Cl.
Solvents n Metal (III) chloride catalyst
FeCl36H2O AlCl3 CrCl36H2O
Temperature (K)
P
R2 Temperature (K)
P
R2 Temperature (K)
P
R2
373 383 393 403 373 383 393 403 373 383 393 403
H2O 0 0.922 4 0.999 2 0.964 2 0.995 7 3.881 5 0.899 9 0.995 1 0.992 2 0.961 7 3.848 9 0.973 4 0.977 4 0.859 4 0.508 2 3.318 4
DMSO 0.949 7 0.989 2 0.999 6 0.924 2 3.862 7 0.769 6 0.973 7 0.353 2 0.657 2 2.753 7 0.779 8 0.958 9 0.913 2 0.896 1 3.540 0
[Bmim]Cl 0.534 4 0.811 6 0.944 4 0.853 0 3.143 4 0.068 3 0.896 8 0.814 7 0.935 2 2.715 0 0.018 3 0.335 0 0.791 8 0.941 2 2.049 7
H2O 0.5 0.940 4 0.959 9 0.986 0 0.980 7 3.867 0 0.978 7 0.951 7 0.922 4 0.841 7 3.694 5 0.923 0 0.980 9 0.662 0 0.436 7 3.002 6
DMSO 0.990 9 0.988 5 0.980 1 0.960 9 3.920 4 0.641 0 0.955 2 0.136 9 0.624 2 2.083 5 0.776 4 0.899 8 0.833 9 0.915 1 3.425 2
[Bmim]Cl 0.421 5 0.764 6 0.891 6 0.918 7 2.996 4 0.165 1 0.905 4 0.685 5 0.957 2 2.383 0 0.141 1 0.098 8 0.877 3 0.945 6 1.780 6
H2O 1 0.934 3 0.870 0 0.881 7 0.947 8 3.633 8 0.961 6 0.848 7 0.809 3 0.772 8 3.392 4 0.858 9 0.957 4 0.590 1 0.447 2 2.853 6
DMSO 0.980 3 0.938 8 0.906 0 0.912 3 3.737 4 0.564 5 0.948 2 0.138 6 0.629 2 2.003 3 0.725 0 0.865 2 0.792 7 0.899 3 3.282 2
[Bmim]Cl 0.376 7 0.770 8 0.868 9 0.953 2 2.969 6 0.163 1 0.906 7 0.720 1 0.969 6 2.433 3 0.135 6 0.107 8 0.894 8 0.928 2 1.795 2
H2O 1.5 0.804 3 0.740 1 0.679 8 0.897 1 3.121 3 0.818 3 0.698 8 0.654 9 0.698 0 2.870 0 0.772 5 0.911 9 0.521 7 0.453 7 2.659 8
DMSO 0.917 8 0.833 9 0.783 1 0.843 8 3.378 6 0.492 9 0.940 4 0.138 6 0.629 4 1.924 1 0.670 6 0.823 6 0.747 7 0.882 4 3.124 3
[Bmim]Cl 0.334 7 0.773 5 0.823 1 0.974 0 2.905 3 0.160 3 0.907 2 0.752 6 0.970 9 2.470 4 0.129 3 0.116 7 0.910 2 0.906 0 1.803 6
H2O 2 0.635 0 0.604 6 0.488 7 0.834 1 2.562 4 0.623 8 0.547 5 0.506 0 0.624 5 2.301 8 0.677 9 0.850 7 0.460 0 0.455 8 2.444 4
DMSO 0.817 3 0.700 5 0.643 4 0.766 8 2.928 0 0.430 3 0.931 7 0.142 1 0.639 2 1.859 1 0.615 3 0.777 6 0.700 3 0.864 5 2.957 7
[Bmim]Cl 0.299 7 0.772 9 0.759 4 0.980 8 2.812 8 0.156 6 0.906 8 0.782 6 0.962 3 2.495 1 0.122 5 0.125 6 0.923 3 0.880 3 1.806 7
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Synthesis of 5-hydroxymethylfurfural from glucose in different solvents and catalyst 11humins and the cross-polymerization between HMF and the
intermediates at high temperatures.
4. Conclusions
Three metal (III) chlorides (CrCl36H2O, AlCl3 and FeCl3
6H2O) catalysts were used to convert glucose to HMF in
H2O, DMSO and [Bmim]Cl. Metal chlorides in DMSO pro-
vide an efficient system for converting glucose to HMF. The
formation of HMF is strongly affected by solvent, catalyst,
temperature and time, leading to different HMF yields max-
ima. DMSO/CrCl36H2O and DMSO/AlCl3 systems result in
the highest yield of HMF at temperature and time of 403 K
and 480 min and 393 K and 240 min, respectively. The mecha-
nism for glucose conversion to HMF and the kinetic model for
HMF decomposition have been established; providing new
insight into the process of glucose conversion into HMF.
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